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Three-dimensional hydrogen-bonded structures in the guanidinium salts of the 
monocyclic dicarboxylic acids rac-trans-cyclohexane-1,2-dicarboxylic acid (2:1, 
anhydrous), isophthalic acid (1:1, monohydrate) and terephthalic acid (2:1, 
trihydrate).
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The structures of bis(guanidinium) rac-trans-cyclohexane-1,2-dicarboxylate, 2(CH6N3+) C8H10O4- (I), 
guanidinium 3-carboxybenzoate monohydrate CH6N3+ C8H5O4- . H2O (II) and bis(guanidinium) benzene-1,4-
dicarboxylate trihydrate, 2(CH6N3+) C8H4O42- . 3H2O (III) have been determined and the hydrogen bonding in 
each examined. All three compounds form three- dimensional hydrogen-bonded framework structures. In 
anhydrous (I), both guanidinium cations give classic cyclic R22(8) N–H···O,O'carboxyl and asymmetric cyclic R12(6) 
hydrogen-bonding interactions while one cation gives an unusual enlarged cyclic interaction with O acceptors of 
separate ortho-related carboxyl groups [graph set R22(11)]. Cations and anions also associate across inversion 
centres giving cyclic R24(8) motifs. In the 1:1 guanidinium salt (II), the cation gives two separate cyclic R12(6) 
interactions, one with a carboxyl O-acceptor, the other with the water molecule of solvation. The structure is 
unusual in that both carboxyl groups give short inter-anion O···H···O contacts, one across a crystallographic 
inversion centre [2.483 (2) Å], the other about a two-fold axis of rotation [2.462 (2) Å] with a half-occupancy 
hydrogen delocalized on the symmetry element in each. The water molecule links the cation–anion ribbon 
structures into a three-dimensional framework. In (III), the repeating molecular unit comprises a benzene-1,4-
dicarboxylate dianion which lies across a crystallographic inversion centre, two guanidinium cations and two 
water molecules of solvation (each set related by two-fold rotational symmetry), and a single water molecule 
which lies on a two-fold axis. Each guanidinium cation gives three types of cyclic interactions with the dianions: 
one R12(6), the others R23(8) and R33(10) (both of these involving the water molecules), giving a three-
dimensional structure through bridges down the b cell direction. The water molecule at the general site also 
forms an unusual cyclic R22(4) homodimeric association across an inversion centre [O–H···O, 2.875 (2) Å]. The 
work described here provides further examples of the common cyclic guanidinium cation···carboxylate anion 
hydrogen-bonding associations as well as featuring other less common cyclic motifs.
Comment
The structures of the guanidinium salts of the aromatic and heteroaromatic polyfunctional carboxylic acids are 
not numerous in the crystallographic literature but they are of interest because of the the capacity of the 
guanidinium cation to generate stable supramolecular framework structures through hydrogen-bonding 
associations, largely cyclic, such as those found in guanidinium carbonate (Adams & Small, 1974) and 
guanidinium bicarbonate structures (Baldwin et al., 1986). Among the known aromatic and heteroaromatic 
structure report
2publCIF
carboxylate examples are the monoguanidinium salts of the dicarboxylic acids 4-hydroxypyridine-2,6-dicarboxy-
lic acid (an unusual anhydrous compound in which the pyridine-N and one of the carboxylic acid groups exist as 
a zwitterion) (Moghini et al., 2005), and 3-nitrophthalic acid (a monohydrate) (Smith, Wermuth & Healy, 2007). 
Other bifunctional acid salts are those with 4-chloro-3-nitrobenzoic acid (a monohydrate) (Najafpour et al., 
2007), 4-amino-2,4,6-trichloropicolinic acid (Parthasarathi et al., 1984), 4-nitroanthranilic acid (Smith et al., 
2007), 3-nitrobenzoic acid (Smith & Wermuth, 2010), 4-nitrobenzoic acid (Schurmann et al., 1998), 4-amino-
benzoic acid (Pereira Silva et al., 2010), and 3,5-dinitrobenzoic acid (Smith, Wermuth & White, 2007) (all 
anhydrates). The known bis(guanidinium) salts are those with phthalic acid (anhydrous) (Krumbe & Haussuhl 
(1987) and pyrazine-2,3-dicarboxylic acid (a trihydrate) (Smith et al., 2006). Another bis(guanidinium) example 
but with a tetracarboxylic acid is that with 1,2,4,5-benzenetetracarboxylic acid (pyromellitic acid) (Sun et al., 
2002). However, the most spectacular examples have been found in the supramolecular ribbon structures of the 
guanidinium-bicarbonate-t-butylammonium salts of terephthalic acid (Mak & Xue, 2000). With these examples, 
high-dimensional hydrogen-bonded structures are predominant with the guanidinium cation forming multiple 
cyclic hydrogen-bonding associations with carboxylate O-acceptors, most commonly those defined by graph sets 
R22(8) and R12(6) and to a lesser extent, R21(4) (Etter et al., 1990). In the hydrated examples, the water molecules 
are usually incorporated in expanded cyclic associations.
Our 1:1 stoichiometric reactions of a number of monocyclic dicarboxylic acids including rac-trans-cyclo-
hexane-1,2-dicarboxylic acid, isophthalic acid and terephthalic acid with guanidinium carbonate in aqueous 
propan-2-ol solution gave relatively hard, chemically stable crystals of the anhydrous salt bis(guanidinium) rac-
trans-cyclohexane-1,2-dicarboxylate 2(CH6N3+) C10H6NO22- (I), guanidinium 3-carboxybenzoate monohydrate 
CH6N3+ C7H4NO4- (II) and bis(guanidinium) benzene-1,4-dicarboxylate trihydrate, 2(CH6N3+) C8H4O42- . 3H2O 
(III) respectively. The structures and hydrogen-bonding patterns for (I–III) are reported here. The molecular 
contents of the asymmetric units of these three compounds and their atom numbering schemes are shown in Figs. 
1–3.
In the anhydrous 2:1 guanidinium salt (I), both cations (A and B) give classic cyclic R22(8) N–H···Ocarboxyl 
hydrogen-bonding interactions with respectively (O21ii, O22ii) and (O11iii, O12iii) (Fig. 4) (for symmetry codes, 
see Table 1). Each cation also gives asymmetric cyclic R12(6) interactions with carboxyl O acceptors. 
Additionally cation B gives an unusual enlarged cyclic interaction [graph set R22(11)] with the O acceptors (O12, 
O22) of the two adjacent cis-related carboxyl groups. Further hydrogen-bonding extensions including a 
centrosymmetric cyclic bis(cation–anion) association [graph set R22(8)] (Fig. 4), give the three-dimensional 
framework structure. The structure also contains a relatively long intermolecular N2B–H···N3Bv interaction 
[3.3191 (18) Å; for symmetry code (v) see Table 1] and there is one potential guanidinium donor (H22A) for 
which there is no reasonable acceptor. 
With the hydrated 1:1 guanidinium hydrogen isophthalate salt (II) (Fig. 2), the structure is unusual in that each 
of the carboxyl groups gives short inter-anion O—H—O contacts, one across a crystallographic inversion centre 
[O12···O12iii, 2.483 (2) Å], the other about a two-fold axis of rotation [O31···O31vi, 2.462 (2) Å] (Fig. 5) (for 
symmetry codes, see Table 2). Hydrogen atoms were located on these symmetry elements and therefore represent 
half-occupancy delocalized protons. These interactions effectively give anion-anion associated ribbon structures 
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which extend across the approximate ac diagonal in the cell (Fig. 6) and accommodate both the cations and the 
water molecules. The cation gives two separate cyclic R12(6) interactions, one with a carboxyl O-acceptor 
(involving N1A and N3A), the other with the water molecule of solvation (involving N1A and N2A) and are inter-
linked by the water molecules and further expanded down the b axis into a three-dimensional framework 
structure (Fig. 7).
In guanidinium terephthalate trihydrate (III), the formula unit comprises a benzene-1,4-dicarboxylate dianion 
which lies across a crystallographic inversion centre, two guanidinium cations and two water molecules of 
solvation (both pairs related by two-fold rotational symmetry), and a third water molecule (O1W) lying on a 
crystallographic two-fold axis (Fig. 3). The guanidinium cations and the dianion give two types of cyclic 
hydrogen-bonding motifs, one the common guanidinium R12(6) association (with N1A and N3A), the others 
incorporating the two water molecules: (1) O1W with N1A and N2A) [graph set R33(10)], and (2), O2W with N2A 
and N3A [graph set R23(8) (Table 3) (Figs. 8, 9), giving the three-dimensional framework structure. Present also 
in the structure of (III) are unusual inversion-related water–water interactions involving O2W with O2Wvi 
[2.875 (2) Å], giving discrete cyclic dimers [for symmetry code (vi), -x + 2, -y + 2, -z + 1]. Although the O2W–
H22W···O2Wvi 'bond' angle (113°) is less than would normally be accepted for a conventional hydrogen bond, 
this unusual R22(4) association must be recognized as such in the assembly of the structure of (III).
In the hydrogen isophthalate anion of (II), one of the carboxyl groups is close to coplanar with the benzene 
ring [torsion angle C2–C1–C11–O11, -170.30 (19)°] while the other is twisted out of the plane [torsion angle 
C2–C3–C31–O32, 159.9 (2)°]. This last value is comparable to that for the C2–C1–C11–O12 angle in both 
carboxyl groups in (III) [-159.86 (15)°].
The three-dimensional structures of (I)–(III) reported here show not only classic guanidinium cyclic R22(8) N–
H···Ocarboxyl and R12(6) hydrogen-bonding motifs but in addition various expanded cyclic associations involving 
the water molecules of solvation, and in the case of anhydrous (I), an unusual R22(11) cyclic guanidinium–
carboxylate interaction. In addition, with (II), the 1:1 guanidinium salt appears to be preferred over the 2:1 salt as 
expected and found in (I) and (III), considering the identical 2:1 stoichiometric reaction conditions employed in 
all three preparations.
Experimental
The title compounds (I)–(III) were synthesized by heating together under reflux for 10 minutes 1 mmol quantities 
of respectively rac-trans-cyclohexane-1,2-dicarboxylic acid [for (I)], benzene-1,3-dicarboxylic acid (isophthalic 
acid) [for (II)] and benzene-1,4-dicarboxylic acid (terephthalic acid) [for (III)], with guanidine carbonate in 50 
mL of 50% aqueous propan-2-ol. After concentration to ca. 30 mL, partial room temperature evaporation of the 
hot-filtered solutions gave large colourless plates [(I) and (III)] or small colourless flat prisms [(II)] [m.p. 525 K 
(I), 474 K (II) and 505 K (III)]. With (I) and (III), specimens suitable for X-ray analysis were cleaved from larger 
crystals.
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(I)
Crystal data
C8H10O4·2(CH6N3) V = 1455.4 (2) Å3
Mr = 290.34 Z = 4
Monoclinic, P21/c Mo Kα radiation, λ = 0.71073 Å
a = 10.7425 (10) Å µ = 0.10 mm−1
b = 16.0538 (15) Å T = 200 K
c = 8.5067 (8) Å 0.50 × 0.50 × 0.45 mm
β = 97.224 (9)°
Data collection
Oxford Diffraction Gemini-S CCD-detector 
diffractometer 2858 independent reflections
Absorption correction: Multi-scan 
CrysAlis PRO (Oxford Diffraction, 2009) 2222 reflections with I > 2σ(I)
Tmin = 0.956, Tmax = 0.980 Rint = 0.026
10102 measured reflections
Refinement
R[F2 > 2σ(F2)] = 0.035 0 restraints
wR(F2) = 0.089 H atoms treated by a mixture of independent and constrained refinement
S = 1.05 Δρmax = 0.21 e Å−3
2858 reflections Δρmin = −0.16 e Å−3
229 parameters
Table 1
Hydrogen-bond geometry (Å, º)
D—H···A D—H H···A D···A D—H···A
N1A—H11A···O22i 0.910 (16) 1.946 (15) 2.8492 (16) 171.2 (13)
N1A—H12A···O22ii 0.878 (16) 1.960 (16) 2.8255 (15) 168.6 (14)
N2A—H21A···O11 0.844 (18) 2.065 (18) 2.8780 (18) 161.6 (15)
N3A—H31A···O21ii 0.865 (15) 1.963 (15) 2.8270 (16) 176.4 (16)
N3A—H32A···O11 0.817 (17) 2.593 (17) 3.2299 (16) 135.9 (14)
N1B—H11B···O12iii 0.890 (15) 1.899 (15) 2.7863 (17) 175.0 (15)
N1B—H12B···O12 0.810 (17) 2.204 (18) 2.9097 (17) 145.9 (16)
N2B—H21B···O22 0.850 (18) 1.999 (18) 2.8447 (18) 173.8 (16)
N2B—H22B···O11iv 0.871 (16) 2.579 (16) 3.2913 (17) 139.6 (13)
N2B—H22B···N3Bv 0.871 (16) 2.593 (15) 3.3191 (18) 141.5 (13)
N3B—H31B···O11iv 0.856 (17) 2.011 (17) 2.8468 (15) 165.1 (15)
N3B—H32B···O11iii 0.948 (16) 1.975 (15) 2.8981 (15) 164.2 (14)
Symmetry codes: (i) −x, y+1/2, −z+1/2; (ii) −x, −y+1, −z; (iii) −x+1, −y+1, −z; (iv) −x+1, y−1/2, −z+1/2; (v) x, −y+1/2, z+1/2.
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(II)
Crystal data
C8H5O4·CH6N3·H2O V = 2286.3 (5) Å3
Mr = 243.22 Z = 8
Monoclinic, C2/c Mo Kα radiation, λ = 0.71073 Å
a = 20.970 (3) Å µ = 0.12 mm−1
b = 5.1421 (6) Å T = 297 K
c = 22.241 (2) Å 0.40 × 0.30 × 0.16 mm
β = 107.577 (14)°
Data collection
Oxford Diffraction Gemini-S CCD-detector 
diffractometer 2239 independent reflections
Absorption correction: Multi-scan 
CrysAlis PRO (Oxford Diffraction, 2009) 1694 reflections with I > 2σ(I)
Tmin = 0.907, Tmax = 0.987 Rint = 0.013
3906 measured reflections
Refinement
R[F2 > 2σ(F2)] = 0.052 0 restraints
wR(F2) = 0.156 H atoms treated by a mixture of independent and constrained refinement
S = 1.06 Δρmax = 0.58 e Å−3
2239 reflections Δρmin = −0.50 e Å−3
181 parameters
Table 2
Hydrogen-bond geometry (Å, º)
D—H···A D—H H···A D···A D—H···A
N1A—H11A···O12 0.92 (4) 2.50 (4) 3.284 (4) 144 (3)
N1A—H12A···O1Wi 0.85 (5) 2.44 (5) 3.156 (5) 144 (4)
N2A—H21A···O1Wi 0.82 (4) 2.19 (4) 2.972 (4) 161 (4)
N2A—H22A···O32ii 0.98 (4) 1.92 (4) 2.854 (3) 158 (3)
N3A—H31A···O12 0.96 (6) 2.52 (6) 3.253 (3) 133 (4)
N3A—H31A···O11iii 0.96 (6) 2.31 (6) 3.050 (3) 134 (5)
N3A—H32A···O31iv 0.83 (3) 2.28 (3) 3.034 (3) 153 (3)
O1W—H11W···O32v 0.90 2.12 2.982 (4) 160
O1W—H12W···O11 0.98 1.84 2.806 (4) 166
O12—H12···O12iii 1.24 1.24 2.483 (2) 180
O31—H31···O31vi 1.241 (6) 1.241 (6) 2.462 (2) 165 (5)
Symmetry codes: (i) x+1/2, y−1/2, z; (ii) −x+2, y+1, −z+3/2; (iii) −x+3/2, −y+3/2, −z+1; (iv) x, y+1, z; (v) −x+3/2, y+1/2, −z+3/2; (vi) −x+2, y, −z+3/2.
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(III)
Crystal data
C8H4O4·2(CH6N3)·3(H2O) V = 1579.07 (11) Å3
Mr = 338.34 Z = 4
Monoclinic, C2/c Mo Kα radiation, λ = 0.71073 Å
a = 18.0402 (7) Å µ = 0.12 mm−1
b = 5.1420 (2) Å T = 297 K
c = 18.1496 (7) Å 0.25 × 0.25 × 0.25 mm
β = 110.297 (4)°
Data collection
Oxford Diffraction Gemini-S Ultra CCD-detector 
diffractometer 1546 independent reflections
Absorption correction: Multi-scan 
CrysAlis RED (Oxford Diffraction, 2008) 1177 reflections with I > 2σ(I)
Tmin = 0.98, Tmax = 0.99 Rint = 0.020
3988 measured reflections
Refinement
R[F2 > 2σ(F2)] = 0.039 0 restraints
wR(F2) = 0.114 H atoms treated by a mixture of independent and constrained refinement
S = 1.04 Δρmax = 0.23 e Å−3
1546 reflections Δρmin = −0.48 e Å−3
130 parameters
Table 3
Hydrogen-bond geometry (Å, º)
D—H···A D—H H···A D···A D—H···A
N1A—H11A···O12 0.95 (2) 2.00 (2) 2.868 (2) 151.3 (19)
N1A—H12A···O12iii 0.88 (2) 2.15 (2) 2.963 (2) 153 (2)
N2A—H21A···O1W 0.96 (3) 1.79 (3) 2.752 (2) 174 (2)
N2A—H22A···O11iv 0.90 (3) 2.17 (3) 2.988 (2) 151 (2)
N3A—H31A···O2Wiv 0.82 (2) 2.27 (3) 3.043 (2) 157 (2)
N3A—H32A···O12 0.89 (2) 2.16 (2) 2.947 (2) 146.6 (18)
O1W—H11W···O11v 0.92 1.73 2.6542 (14) 174
O2W—H21W···O11 0.85 1.93 2.7591 (19) 162
Symmetry codes: (iii) −x+3/2, y−1/2, −z+3/2; (iv) x−1/2, y+1/2, z; (v) x−1/2, y−1/2, z.
 
Hydrogen atoms involved in hydrogen-bonding interactions were located by difference methods and their 
positional and isotropic displacement parameters were refined, with the exception of the water H atoms of (III) 
which were constrained with Uiso(H) = 1.2Ueq(O). The aromatic H atoms were included in the refinement in 
calculated positions (C–H = 0.95 Å) using a riding model approximation, with Uiso(H) = 1.2Ueq(C).
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Data collection: CrysAlis PRO for (I); CrysAlis PRO</I> for (II); CrysAlis CCD (Oxford Diffraction, 2008) 
for (III). Cell refinement: CrysAlis PRO for (I); CrysAlis PRO</I> for (II); CrysAlis RED for (III). Data 
reduction: CrysAlis PRO for (I); CrysAlis PRO</I> for (II); CrysAlis RED for (III). Program(s) used to solve 
structure: SIR92 (Altomare et al., 1994) for (I); SHELXS97 (Sheldrick, 2008) for (II); SIR92 (Altomare, 1994) 
for (III). Program(s) used to refine structure: SHELXL97 (Sheldrick, 2008) within WinGX (Farrugia, 1999) for 
(I), (III); SHELXL97 (Sheldrick, 2008) for (II). For all compounds, molecular graphics: PLATON (Spek, 2009); 
software used to prepare material for publication: PLATON.
The authors acknowledge financial support from the Australian Research Council, the Faculty of Science and 
Technology, Queensland University of Technology and the School of Biomolecular and Physical Sciences, 
Griffith University,
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Figure 1
Fig. 1. Molecular configuration and atom naming scheme for the two guanidinium cations (A and B) and the 
cyclohexane-1,2-dicarboxylate anion in (I). Inter-species hydrogen bonds are shown as dashed lines. 
Displacement ellipsoids are drawn at the 40% probability level.
Figure 2
Fig. 2. Molecular configuration and atom naming scheme for the guanidinium cation, the hydrogen isophthalate 
anion and the water molecule of solvation in (II). Inter-species hydrogen bonds are shown as dashed lines. 
Displacement ellipsoids are drawn at the 40% probability level.
Figure 3
Fig. 3. Molecular configuration and atom naming scheme for the guanidinium cation (A), the benzene-1,4-
dicarboxylate dianion and the two water molecules of solvation in the asymmetric unit of (III). The dianion lies 
across an inversion centre [symmetry code (ii) -x + 1/2, -y - 1/2, -z + 1] while the water molecule O1W lies on a 
two-fold rotation axis. Displacement ellipsoids are drawn at the 40% probability level.
Figure 4
Fig. 4. The three-dimensional framework structure of (I) viewed down the approximate c axial direction in the 
unit cell, showing hydrogen-bonding associations as dashed lines. Non-interactive hydrogen atoms are deleted. 
For symmetry codes, see Table 1.
Figure 5
Fig. 5. The head-to-tail hydogen-bonding extensions of the hydrogen isophthalate anions with the attached 
guanidinium cation and water species in the structure of (II), showing the delocalized half-occupancy acid H 
atoms H12 (located on an inversion centre at 0.75, 0.75, 0.50) and H31 (located on a 2-fold axis at 1.00, 0.146, 
0.75). For symmetry codes, see Table 2.
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Figure 6
Fig. 6. The hydrogen-bonded framework structure of (II) viewed down the b axial direction of the unit cell, 
showing hydrogen-bonding associations as dashed lines. Non-interactive hydrogen atoms are deleted.
Figure 7
Fig. 7. A second view of the hydrogen-bonding in the framework structure of (II) viewed down the approximate a 
direction of the unit cell, showing extensions down c. For symmetry codes, see Table 2.
Figure 8
Fig. 8. The hydogen-bonding in the structure of (III) viewed down the b axis in the unit cell, showing 
associations as dashed lines. For symmetry code (vi): -x + 2, -y + 2, -z + 1. For other codes, see Table 3 and Fig. 
3.
Figure 9
Fig. 9. The hydrogen-bonded framework structure of (III) viewed perpendicular to b, showing the role of the 
unusual centrosymmetric associated water dimers in the structure extension.
